T he modern intensive care unit is a place where abnormalities in fluid and electrolytes are common. While most cases are mild and self-limiting, some derangements are quite dangerous. Indeed, lives are saved by ensuring that abnormalities of potassium and sodium, for example, are managed appropriately (1) . Severe disorders of acid-base balance are likewise critical, especially when these derangements develop quickly. Severe abnormalities can be the direct cause of organ dysfunction. Clinical manifestations can include cerebral edema, seizures, decreased myocardial contractility, pulmonary vasoconstriction, and systemic vasodilation, to name but a few (2) . Furthermore, even less extreme derangements may produce harm because of the patient's response to the abnormality. For example, a spontaneously breathing patient with metabolic acidosis will attempt to compensate by increasing minute ventilation. The workload imposed by increasing minute ventilation can lead to respiratory muscle fatigue with respiratory failure or diversion of blood flow from vital organs to the respiratory muscles resulting in organ injury. Acidemia is associated with increased adrenergic tone (2) and, on this basis, can promote the development of cardiac dysrhythmias in critically ill patients or increase myocardial oxygen demand in patients with myocardial ischemia. In such cases, it may be prudent not only to treat the underlying disorder but also to provide symptomatic treatment for the acidbase disorder itself. Accordingly, it is important to understand both the causes of acid-base disorders and the limitations of various treatment strategies. Finally, emerging evidence suggests that changes in acid-base variables influence immune effector cell function (3, 4) . Thus, avoiding acid-base derangements may prove important in managing critically ill patients for their own sake as well as in standardizing study protocols that attempt to manipulate immunologic responses (e.g., anticytokine therapies).
The purpose of this concise review is to illustrate how modern quantitative acid-base analysis can be applied at the bedside of a critically ill patient. The goal is to demystify acid-base analysis, exposing both the utility of the quantitative approach and the limitations of our current understanding. For a discussion of the physiologic and chemical basis for this approach, the reader is referred to other recent reviews (5, 6) as well as to the classic paper by Peter Stewart (7) . The hope for this review is that the reader will gain both a renewed appreciation for the complexity of acid-base physiology and a new perspective on the simplicity and logic of the physical-chemical approach. A glossary of terms is provided in Table 1 .
An Illustrative Case
A 35-yr-old man with a past medical history of alcoholism was found unconscious in his apartment by a neighbor. He was brought to the emergency department, where baseline laboratory profile and vital signs were checked. On exam he was found to be only minimally responsive to pain, and his breathing appeared slow and shallow. He was afebrile, his arterial blood pressure was 100/60 mm Hg, and he was tachycardic (pulse 124 beats/min). His arterial blood gases and blood chemistries are shown in Table 2 . Time 1 corresponds to the blood work obtained at presentation to the emergency department.
General Interpretation. Time 1 data reveal a severe acidemia (pH 6.92). Acidemia can be brought about by change in one or more of the three independent variables that control blood pH (5, 7): PCO 2 , strong ion difference (SID), and total weak acid concentration (A TOT ). One source of acidemia in this case is clearly PCO 2 , but it is also apparent that a metabolic component is also present (either SID or A TOT ). We can detect this second abnormality by observing either that the HCO 3 is decreased or that the standard base excess (SBE) is negative (also referred to as a base deficit) (Table 3) .
Importantly, the PCO 2 not only points to the type of disorder (respira-tory vs. metabolic) but also corresponds to the magnitude of the disorder. This is not the case for bicarbonate, and SBE is not completely successful either. In 1948, Singer and Hastings (8) proposed the term buffer base to define the sum of HCO 3 Ϫ plus the nonvolatile weak acid buffers (A Ϫ ). A change in buffer base corresponds to a change in the metabolic component. The methods for calculating the change in buffer base were later refined to yield the base excess methodology (9 -12) . Base excess (BE) is the quantity of metabolic acidosis or alkalosis defined as the amount of acid or base that must be added to a sample of whole blood in vitro to restore the pH of the sample to 7.40 while the PCO 2 is held at 40 mm Hg (10) . Perhaps the most commonly used formula for calculating BE is the Van Slyke equation (13, 14) :
where HCO 3 Ϫ and hemoglobin (Hb) are expressed in mmol/L. However, there is great variability in the equations used for calculating BE. While BE is quite accurate in vitro, inaccuracy has always been a problem when applied in vivo in that BE changes slightly with changes in PCO 2 (15, 16) . This effect is understood to be due to equilibration across the entire extracellular fluid space (whole blood plus interstitial fluid). Thus, the BE equation was modified to standardize the effect of hemoglobin on CO 2 titration in order to improve the accuracy of the BE in vivo. The term standard base excess (SBE) has been given to this variable, which better quantifies the change in metabolic acidbase status in vivo. Again, multiple equations exist but a common version is shown:
However, SBE still yields results that are slightly unstable as PCO 2 changes (Fig. 1) . Furthermore, the equation assumes normal A TOT . When albumin or phosphate is decreased, a common scenario in the critically ill, SBE will result in even more instability (Fig. 1) . Wooten (17, 18 ) developed a multicompartment model using quantitative techniques and suggested a correction for SBE that results in a formula for SBE that agrees much more closely with experimental data in humans:
where albumin is expressed in g/dL and phosphate in mg/dL. In this way, SBE can be seen as the quantity of strong acid or base required to restore the pH to 7.40 with PCO 2 ϭ 40 mm Hg. The change in corrected SBE (SBEc) is equal to the change in SID (19 -21) when A TOT is held constant. If A TOT changes, then SBE still quantifies the SIDa, apparent strong ion difference; SBE, standard base excess; SBEc, standard base excess, corrected; AG, anion gap; AGc, anion gap, corrected; SIG, strong ion gap.
Phosphorus is given in mg/dL and albumin in g/dL. All other units are mEq/L. SID calculated from Na, K, Mg, Ca, Cl, and lactate. amount of strong acid or base required to change the SID to a new equilibrium point where pH ϭ 7.40 and PCO 2 ϭ 40 mm Hg. This relationship between SBE and SID is not surprising. The term SID refers to the absolute difference between completely (or near completely) dissociated cations and anions. According to the principle of electrical neutrality, this difference is balanced by the weak acids and CO 2 such that SID can be defined either in terms of strong ions or in terms of the weak acids and CO 2 offsetting it. Of note, the SID defined in terms of weak acids and CO 2 , which was subsequently termed the effective SID (22) , is identical to the buffer base term coined by Singer and Hastings more than half a century ago (8) . Thus, changes in SBE also represent changes in SID (19 -21) .
Metabolic Acidosis. Clearly, given the results shown in Table 2 , if intubation and mechanical ventilation have not already performed on clinical grounds, they should be accomplished without delay. However, additional analysis of the data in Table 2 is required. The next appropriate step is to examine the corrected anion gap (AGc) or, better yet, the strong ion gap (SIG). The time-honored anion gap (AG) is insufficient, as the example should clearly illustrate. In the column labeled time 1, the AG is 15 mEq/L (or 11 mEq/L if K ϩ is ignored), a value that is clearly within the normal range, and yet the plasma lactate concentration is grossly abnormal. How can this be? The answer is that the "normal range" for the AG only applies when the conditions are normal. Critically ill patients hardly ever have a normal AG.
The AG is calculated, or rather estimated, from the differences between the routinely measured concentrations of serum cations (Na ϩ and K ϩ ) and anions (Cl Ϫ and HCO 3 Ϫ ) (23) . Normally, this difference or "gap" is made up by two components. The major component is the ionic portion of the weak acids (A Ϫ )-essentially the charge contributed by albumin and, to a lesser extent, by phosphate. The minor component is made up of strong ions, such as sulfate and lactate, whose net contributions are normally Ͻ2 mEq/L. However, there are also unmeasured (by the AG) cations, such as Ca 2ϩ and Mg 2ϩ , and these tend to offset the effects of sulfate and lactate except when either is abnormally increased. Plasma proteins other than albumin can be either positively or negatively charged but in the aggregate tend to be neutral (22) except in rare cases of abnormal paraproteins, such as in multiple myeloma. In practice, the AG is calculated as follows:
ϩ is not considered). What is considered the normal AG has decreased in recent years following the introduction of more accurate methods for measuring Cl Ϫ concentration (24, 25) .
Many authors have raised doubts about the diagnostic value of the AG in certain situations (26, 27) . The primary problem with the AG is its reliance on the use of a so-called normal range produced by albumin and to a lesser extent phosphate as discussed previously. These constituents may be grossly abnormal in patients with critical illness, leading to a change in what is considered the normal range for these patients. Moreover, because these anions are not strong anions, their charge will be altered by changes in pH. This has prompted some authors to adjust the normal range for the AG by the patient's albumin and phosphate concentration. Each 1 g/dL albumin has a charge of 2.8 mEq/L at pH 7.4 (2.3 mEq/L at 7.0 and 3.0 mEq/L at 7.6), and each 1 mg/dL phosphate has a charge of 0.59 mEq/L at pH 7.4 (0.55 mEq/L at 7.0 and 0.61 mEq/L at 7.6). Thus, the AG must be corrected (or zeroed) to yield the AGc (5). Or
The choice of formula is determined by which units are desired. Here the AGc should approximate zero. This is because the terms for albumin and phosphate approximate A Ϫ . Note that coefficients for albumin and phosphate are slightly lower than expected given their charges at normal pH. Although the reader is cautioned that the formula is theoretically less accurate as pH increases, empirical data in humans suggest no degradation in accuracy over the physiologic range of pH (28) . Some authors have chosen to correct the AG using the same (or slightly simplified) equations (29) by adding to the calculated value rather than lowering the expected range. Either approach would be acceptable, but if the point is to quantify unmeasured anions, the former approaches then requires the additional step of subtracting a normal value and therefore seems unnecessarily cumbersome.
A further limitation to the AGc is that it does not consider all the available information. For example, cations, such as Mg 2ϩ or Ca 2ϩ , may still affect the AGc, and the corrections for albumin and phosphate are merely approximations. To be more exact, one can calculate the SIG (30, 31) .
where all the strong ions are expressed in mEq/L and only the ionized portions of Mg 2ϩ and Ca ϩ2ϩ are considered (to convert total to ionized Mg 2ϩ , multiply by 0.7). Note also that lactate is not considered "unmeasured." Because the concentration of unmeasured anions is expected to be quite low (Ͻ2 mEq/L), the SIG is expected to be quite low. However, some investigators have found elevations in SIG, particularly in critically ill patients, even when no acid-base disorder is apparent (32) (33) (34) (35) (36) . By contrast, results from studies in normal animals (31, 37) and from values derived from published data in exercising humans (30) put the normal SIG near zero. Most studies (32, 33, 36, 38, 39) found that the SIG is about 5 mEq/L for critically ill subjects, while a few studies (34, 35) reported values Ͼ8 mEq/L. The difference may lie with the use of gelatins used for volume resuscitation in these centers (40, 41) .
Finally, it is important to calculate the SIG or AGc when analyzing acid-base balance, even in the absence of acidemia, because an increase may be the only clue to detect a complex acid-base disorder. Alkalemia itself will increase the AGc (but not the SIG) slightly owing to titration of weak acid, mainly albumin, but large increases (Ͼ5 mEq/L) can only mean that unexplained anions are present.
Returning to Table 2 , we observe that one source of the metabolic acidosis is lactate. Lactate is the source of acidosis because in biological terms it is a strong acid (pK 3.9). Some investigators have suggested that adenosine triphosphate hydrolysis is the source of acidosis in lactic acidosis because H ϩ ions are generated. However, as pointed out by Bellomo and Ronco (42) , this argument is flawed in several ways. Most important, very little adenosine triphosphate is completely hydrolyzed, and even if it is so, phosphate is a weak acid and therefore very large increases would be required to produce acidosis-which are not routinely seen.
However, lactate is not the only source of acidosis shown in Table 2 . Assuming that under baseline conditions this patient's arterial lactate concentration was approximately 1 mEq/L, the increase in lactate to 5 mEq/L explains less than half of the SBEc. The source of the remaining 5.7 mEq/L (9.7-4.0 from the change in lactate) must be sought. The SIG is 5.6 mEq/L, demonstrating that virtually 100% of the remaining acid comes not from hyperchloremia but rather from unmeasured anions. If one were to only examine the AG, it would be impossible to detect these unmeasured anions; the use of the AGc or SIG is required. Are these anions important? Would failing to discover them make any difference? The answer is only that it's a matter of life and death.
Unmeasured Anions. Numerous unmeasured anions (and cations) have been identified in the blood of critically ill patients (43, 44) . Forni et al. (43) (46) . Both hepatic (31, 47) and renal (48) dysfunctions are known to result in accumulation of unmeasured anions, and acute illness or injury, with or without sepsis (27, 30, 33-35, 38, 39, 49, 50) , appears to result in an increased SIG as well. However, as the example case illustrates, one must never forget that certain poisons (e.g., methanol, ethylene glycol) and salicylate are important causes of metabolic acidosis with increased AG. In Table 2 , 5.6 mEq/L unmeasured anion is unaccounted for. For methanol and ethylene glycol, a useful screening tool is the osmolar gap (51).
Osmolar gap ϭ Measured osmolality Ϫ ͑1.86 ϫ ͓Na ϩ ͔͒ ϩ glucose/18 ϩ BUN/2.8 ϩ ethanol/4.6 [7] where glucose, blood urea nitrogen (BUN), and ethanol are given in mg/dL. An osmolar gap Ͼ10 mOsm/L is abnormal. In our example case, the osmolar gap was 35 mOsm/L, highly abnormal and very suggestive of either methanol or ethylene glycol poisoning. Addition clues as to which substance is present can be gained by examining the urine (oxalate crystals may be present in the case of ethylene glycol). Both intoxications can be fatal, and thus a correct diagnosis is vital. Even in the absence of poisoning, increased SIG appears to be associated with increased risk of death particular when values are taken early (33, 39, 50) or before resuscitation (38) . Indeed Kaplan and Kellum (38) showed that preresuscitation SIG predicts mortality in injured patients better than blood lactate, pH, or injury severity scores. Similar results were also obtained by Durward et al. (50) in pediatric cardiac surgery patients, and Dondorp et al. (39) had similar results with preresuscitation SIG as a strong mortality predictor in patients with severe malaria. However, some studies in intensive care unit patients (34, 35) have failed to show any relationship between outcome and SIG. Recently Gunnerson et al. (52) examined the relationship between acid-base derangements of various etiologies and hospital mortality in 851 patients. Metabolic acidosis was classified according to the primary anion responsi-ble (lactate, chloride, other). The mortality rate for lactic acidosis was 56%, while hyperchloremic acidosis was only 29% (p Ͻ .001). SIG metabolic acidosis was associated with a 39% hospital mortality. A stepwise logistic regression model identified serum lactate, SIG, phosphate, and age as independent predictors of mortality (52) .
Complex Acid-Base Disorders. The case presented is a good example of a complex acid-base disorder and one that requires very careful dissection. We can also learn a great deal by looking at how the case evolves. Time 2 in Table 2 corresponds to the point after mechanical ventilation is begun. Here PCO 2 has been returned to 40 mm Hg and one can appreciate several details. First, the HCO 3 has decreased with a decrease in PCO 2 , and yet there is just as much metabolic acid on board. Furthermore, while the SBEc has not changed, the SBE has changed significantly. Indeed, in this example SBE is even more unstable as a measure of metabolic acid than is bicarbonate. Note too that the AG and AGc appear to change while the actual amount of unmeasured anion (SIG) remains constant. Finally, although we have restored the PCO 2 to 40 mm Hg, there is still a respiratory acidosis, albeit a considerably smaller one. This is because for this degree of metabolic acidosis, the PCO 2 should be lower. We can calculate what the PCO 2 should be by using Winters' formula ([1.5 · HCO 3 ] ϩ 8 Ϯ 2) (53) or Schlichtig's formula (40 ϩ SBE Ϯ 2) (54) . Both indicate that the PCO 2 should be about 31 mm Hg, and as the patient's respiratory drive is restored (time 3), his PCO 2 approaches this value. Note the decrease in the potassium concentration. The astute clinician would have anticipated this decrease as the pH is increased. The decrease is due to movement of potassium back into cells. During conditions of acidemia, potassium moves out of the cells.
Fluid Resuscitation. The effect of acidbase disorders on hemodynamic stability can be extremely variable. Under experimental conditions acidosis worsens shock during sepsis (55) , but under similar conditions blood pressure is not affected when animals are not in shock (4). In both animals and isolated cells, moderate acidosis leads to increased nitric oxide release. yet severe acidosis inhibits nitric oxide synthesis (3, 4) . Hypercapnia reduces systemic arterial vasomotor tone and may also affect cardiac performance, leading to hypotension. However, acidosis also induces increases in endogenous catecholamine release (56) , which may lead to hypertension. Thus, the effects of acidosis, or its treatment, on blood pressure can be unpredictable. This is one reason why sodium bicarbonate therapy is discouraged in the treatment of lactic acidosis (57) , although the practice is still fairly common. In the present case, a rapid change in blood pH occurred as a result of restoring effective ventilation, and at time point 3, blood pressure fell to 70/30 mm Hg.
In a relatively short period of time (30 mins), 2 L of 0.9% saline was administered with improvement in arterial blood pressure to 90/50 mm Hg. However, the blood pressure began to decrease as soon as the boluses were completed, and since the right atrial pressures were low and urine output was poor, fluid was continued. In total, the patient received 7 L of 0.9% saline over a 3-hr period. Time 4 in Table 2 is taken at about 2 hrs after all the fluids were received.
The worsening metabolic acidosis seen at time 4 is typical of a salineinduced hyperchloremic acidosis (37, 58 -63) . Note that while the serum sodium increases with the addition of 0.9% saline (154 mEq/L of Na), the chloride concentration increases proportionally more because its starting concentration is so low. Note also that at time 3 the difference between Na and Cl was 28 mEq/L, roughly equal to the apparent SID (SIDa). With the addition of saline the difference between Na and Cl decreases to 24 mEq/L, roughly the same decrease seen in the SIDa. However, the SBEc only changes by 2 mEq/L. The reason SBEc only decreases by 2 instead of 4 is that both lactate and SIG decrease by about 0.5 mEq/L each and because the weak acids (albumin and phosphate) also decrease. Thus, time 4 shows a superimposed hyperchloremic metabolic acidosis on preexisting lactic and SIG acidoses.
Time 4b represents the hypothetic result of resuscitation with 7 L of lactated Ringer's solution instead of 0.9% saline. Note that under most circumstances, the sodium lactate in lactated Ringer's will be metabolized as rapidly as it is infused since normal lactate clearance can reach 200 mmol/hr. However, even if the lactate concentration were to rise slightly with lactated Ringer's infusion, time 4b shows that the pH and SBEc increase. However, this is not because lactated Ringer's improved the SID. The SID of lactated Ringer's is approximately 28 mEq/L (assuming metabolism of the lactate). The patient's SIDa before resuscitation was close to 28 already, and with resuscitation the SIDa decreased 1 mEq/L to 28.2 mEq/L. This would have resulted in a very slight acidifying effect except that as in the case of 0.9% saline, the weak acids were also decreased (as is the SIG), purely a result of hemodilution. These effects produce a very slight alkalinizing effect and pH rises to 7.31.
The blood pH that results from crystalloid resuscitation has nothing to do with the pH of the solution or its titratable acidity, as some authors have suggested (63) . Instead, the effect is completely explained by the SID of the infusate (37, 64 -66) . Any solution with a SID less than about 24 mEq/L will be acidifying (saline has a SID of 0), while solutions with larger SID will be alkalinizing (64, 65) .
CONCLUSION
Recent advances in whole body acidbase physiology as well as epidemiology have resulted in a much clearer picture of metabolic acid-base disturbances in the critically ill and injured. The essence of quantitative acid-base chemistry is the understanding that only three variables are important in determining H ϩ concentration: PCO 2 , SID, and A TOT . Neither H ϩ nor HCO 3 Ϫ can change unless one or more of these three variables change. Although it is perfectly reasonable to describe an alteration in acid-base status by the observed changes in H ϩ and HCO 3 Ϫ , this does not itself imply causation. It is now possible to "reunify" traditional descriptive approaches to acid-base balance with modern quantitative techniques (21) . This unified approach is both simple and transparent and can be easily used at the bedside. It should also aid in accessing and interpreting the bulk of the clinical literature. As has already been the trend, newer studies of acid-base physiology will, no doubt, take advantage of quantitative techniques while continuing to report more traditional variables.
